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We consider an alternative explanation of newly found growth of neutral pion transition form 
factor with virtuality of one of photon. It is based on Sudakov suppression of quark-photon vertex. 
Some applications to scattering and annihilation channels are considered including the relevant 
experiments with lepton-proton scattering. 

PACS numbers: 13.60.-r, 13. 66. Be 



I. INTRODUCTION 

A lot of attention was paid to the problem of describing 
the transition form factor of neutral pion [ll-Q ■ It is the 
information about wave function of neutral pion, namely 
the distribution on the energy fractions of u, d quarks 
inside a neutral pion, is the motivation of numerous the- 
oretical approaches to describe the transition form fac- 
tor. Recently some experimental information about it's 
behavior was obtained in process e + e~ — > e + e~iro- The 
kinematics, when one of photon is almost real and the 
other is highly virtual was considered [3, H[ . The result 
was presented by authors of the experiment as a some 
nondecreasing function of the module of square of mo- 
mentum of a virtual photon. Such type of behavior is in 
clear contradiction with the predictions of factorization 
theorem applying to this process (see 6-8] and references 
therein) . 

Below we consider another reason to explain such type 
of behavior, using the well known expression of a vir- 
tual photon-quark vertex (so called Sudakov form factor 
H ) which is entered in the triangle Feynman diagram, 
describing the conversion of two photon to the neutral 
pseudoscalar meson. It is the motivation of this paper. 

Both channels of pseudoscalar mesons production in 
elastic electron-positron collisions - the scattering and an- 
nihilation ones are considered. The second one e + e~ — > 
ttqI + 1~ can be the subject of experimental investigation. 



II. SCATTERING CHANNEL 

In the scattering type of experiments 

e+ (p+) + e- (p_) e+(p')e-(p'_)7r° (q n ) , (1) 
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Fig. 1: Scattering process of pion production 



(pj_ = ]/ ± = mj, <jr = M 2 ) neutral pion is created by 
two photons with momenta q = p+ —p' + and q\ = p- —p'_ 
that involving into lepton interaction as it is presented 
on Fig. |TJ Due to Weizsacker- Williams (WW) kinematics 
of this process (the scattered electron assumed to move 
close to beam direction) one of photons is almost real 
\q\ I < M 2 and other is off mass shell Q 2 = -q 2 > M 2 . 

Matrix element has a form (see for details in the Ap- 
pendix E| 



M = 



V(Q 2 ) = 



2s(Ana) 2 

q 2 q\ 

M 2 
2tt 2 F^Q 2 



[qxqi] z nQ 2 )^- 



F 



M 2 



(2) 



|iV±| 2 = - 1[ Tr\p^ P+ p-p + } =2, 



where s = (p + + p-) 2 Q 2 and V(Q 2 ) is the transition 
form-factor of pion, F„ = 93 MeV is the decay constant of 
pion, M q = M u = Md = 280 MeV is the quark mass, q, 
qi, are transversal to the beam axes (z) direction com- 
ponents of photon momenta. The quantity F(Q 2 /M 2 ) 
has a form: 



F (Q 2 /M, 



d A k 



2 v s (q 2 ,pIp1) 



{k 2 - M 2 + tO)(p 2 - M 2 + iQ){p 2 - M 2 + »0) 



,(3) 
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Fig. 2: Triangle vertex for 77* — s- 7ro process 



for the cross section: 
da 



where 



1 



J(Q 2 ) = -L 2 s + L s {L e -l)-(L e + l) 



hi. 



g 2 + m 2 



L„ = In 



Q 2 



(9) 



(10) 



There are several approaches to infer the value V(Q 2 ), 
which is named as pion transition formfactor. 

One of them is based on QCD collinear factorization 
theorem 



where p\ = k + ch, and P2 = k + and Sudakov vertex 
function V s [3, El is: 



l,(^.y-T ^i = <-M>(-^ln 1 ^ln 1 %], (Ji 



27T \p 2 \ \p 



where Q 2 > \p{ a \ > M 2 and C F = (N 2 - l) / (27V) = 
4/3. We use here the the Goldberger-Treiman relation 
on the quark level F n — M q /g q q^ = 93 MeV. 
The cross section of the process (JTJ) has a form: 



da= ^-|Af| 2 dr 3 



(5) 



The phase volume of the final state dT^ can be expressed 
through the Sudakov parametrization of the photon's mo- 
menta which turns out to be convenient: 



qi = aip + + Pip- + q 1A 
q = ap + + j3p- +q±, 
a±P± = 0, ql ± 



(6) 



and we imply the 4- vectors p± to be light-like, 2p+p- = 
s. Therefore (details in Appendix lAl : 

dT 3 = (2ir)~° 5 4 (p + + p_ - p' + - p'_ - q^) x 
d 3 p' + d 3 p'_q 3 qT T 



2E , _^_ 2E'_ 2E 7T 
5 1 dp-i. 



(2tt 



4s Px(l-Px) 
2 + M 2 

< A < 1. 



d qid q, 



(7) 



Using the expression for the square of momentum of " al- 
most" real photon 



fx 



1 



1-A 



[q 2 ± + m 2 J 2 ] , q 2 ± « Q 2 



(8) 



and performing the integration on the parameters of scat- 
tered electron moving close to z axis we obtain 



V BL {Q 2, 



2F„ f dx 

~T J W 





4>Tt(x,S). 



(11) 



and in the papers [6J, |8| different forms of pion wave func- 
tion (j>n(x, s) was used. Another possible mechanisms of 



_ the effect was given in 



Also in the paper |13l|.|14j| was pointed that pion form 
factor in the frames constituent quark model has the dou- 
ble logarithmic asymptotic at large momentum transfer. 

Another one which use the approach of Nambu-Jona- 
Lasinio model Qjl [l6| gives: 



V NJL {Q 2 ) 



3Q 2 ' 



(12) 



The approach used here is based on the Sudakov form of 
the vertex function which describe interaction of a photon 
with large four momentum square \q 2 \ with two quarks 
of an anomalous three angles quark diagram describing 
the conversion of two photons to the neutral pion. 

The three angle quark-loop diagramm itself at large 
Q 2 has the double-logarithm asymptotic [l4| and inser- 
tion of Sudakov form of the vertex function which in- 
cludes also QCD-inspired corrections gives the asymp- 
totic In (in (Q 2 /m 2 )) behavior. 

The final expression is (details are in Appendix [Al : 



where 



V(Q 2 )=A 



M 2 

±y±q 



2tt F^a s CF 



(13) 



$( z ) = j *L (1 _ e -«Bx(i-*)^ ? 



ZB 



C F a s 2 Q 2 



■In" 



2vr BM 2 ' 



where A, B can be considered as a positive fitting param- 
eters of order of unity. We find it through Babar data 
fitting. Function Q 2 V(Q 2 ) is presented in Fig. [31 where 
the experimental data also presented. 
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Fig. 3: A fit of our approach (Eq. (|13[) ) with resultant fit- 
ting parameters A = 0.49, B — 0.23 for ty° production and 
the comparison with the experimental data of BaBar [5( and 
CLEO 17] facilities. 



e(p_) 




Let perform the phase volume of the final state 

dr 3 = (27r)~ 5 S 4 (p + + p- - q + - q- - q n ) x 
d 3 q + d 3 q^q 3 q lr 



2E-\-2,E— IE-jt 



(16) 



to the form 



dT 3 = (2tt) TrdT qi dq 1 — , (17) 

where A(a, b, c) = a 2 + b 2 + c 2 - 2(ab + ac + be) and 



dT qi = 



d 3 q+d 3 q- : 



2E+2E- 



5*(q x -q + -q-). (18) 



Performing the integration on the invariant mass square 
of the lepton pair (we use the approximation s\ <C s and 
s% < M 2 ) the relevant cross section have a form (details 
in Appendix [K^i : 
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elp )/ \ l + (q + ) 

Fig. 4: The annihilation channel of process e + e~ — > ir°l + l~ . 

III. ANNIHILATION CHANNEL 

Let us consider now the annihilation channel depicted 
on Fig. gl 



e+{p+) + e (p_)-)-7*( 9 ) 



n°(q n )l+(q + )r(q-), (14) 

where I = e,fi and p± = 0, q± = mf, q 2 — M 2 , s = q 2 = 
(p+ +p-) 2 , Si = q\ = (q+ + q-) 2 - We put the matrix 
element of this process in the form: 

M = (^fj»r(l) V (s) e, uaf} q°qf, 



qW 



= w(p+)7m u (P-) > 
J"W = iJ /t ( g+ ) 7l/ttM (g_), 



(15) 



where quantity V{s) describes conversion of two off mass 
shell photons to the neutral pion (pion transition form- 
factor) is defined in @. 



From our point of view the QCD corrections connected 
with the vertex of interaction of the highly virtual photon 
with quarks is essential and pion can be considered as a 
point particle. So at rather large values of Q 2 the details 
of pion wave function becomes irrelevant. 

For heavy s quarks M s — 400 MeV entering the heavy 
pseudoscalar mesons rj' the effect of Sudakov form factor 
becomes more weak. 

In literature presents the alternative explanations (see 
the end of SectionflT]) of the experimental data BaBar 0. 

On the Figure[3]we represent a numerical estimation fit 
of the BaBar data. We obtain the qualitative logaritm- 
logarithmical growth (see Eq. (|A7|l ) of the transitional 
form- factor (fl3|) . On the plot we put the best fitting of 
BaBar data with two adjustable parameters A and B. 

The similar phenomena can take place as well for the 
case of scalar mesons production. 

We remind as well the possibility to measure the 
transition pion form factor in electro-proton scattering 
ep —> eitop. The relevant cross section will be 

da e P^°P = / ag pqq g pNN \ 2 V 2 (Q 2 ) 



dQ 2 



\8ir{Q 2 

fKQ 2 ) 



Ml) 
Q 2 



AM 2 



F 2 (Q 2 



J(Q 2 ), (20) 



where Fi, F2 - are Dirac and Pauli proton form fac- 
tors. Here instead of virtual photon the virtual vector 
meson takes place; g pqq , g P NN are the p meson couplings 
with quarks and nucleons correspondingly. In this case a 
problem with background (ep — > eA + — > eir°p) must be 
overcomed. 
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We consider Sudakov form factor for time-like trans- 
fer momentum. With ordinary particles in the loop we 
must take into account the imaginary part of relevant 
amplitude. For quarks inside a loop imaginary part is 
absent. 

Taking into account the non-leading terms in expres- 
sion of Sudakov exponent results in modification of quark 
mass and a general shift of normalization: 

F(q\plpl) -+ AF(q 2 ,plpi), (21) 
Q 2 af3 > BMq, 

with A ~ B ~ 1 can be considered as a fitting parameters 
A,B>0. 



To perform the integration we use Sudakov 
paramctrization of the loop momentum: 



k — oai\ + (3ri2 + fcj_, 



(A2) 



with ni : 2 are light-like 4 vectors nf = 0, transversal to 
kx, fiikx = 0, builded from the 4- vectors qv, qi such that 
2mn2 = Q 2 ■ In such a parameterization 



d 4 k — Q—dad/3d 2 kj 



(A3) 



Expressing the denominators of quark Green functions: 
(k) = Q 2 af3 -k 2 - M 2 + zO; (1) « Q 2 a; (2) « Q 2 /3, 
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Appendix A: Details of calculation 

Transformation of the phase volume of 2-gamma cre- 
ation process 2—^3 consist in introduction of two trans- 
ferred vectors qi,q: 

dT 3 = {2Tl)- r °d A q 1 d i qd i q 7r d i p' + d i p l _ X 

x <5 4 (p_ -q x - p'_) S 4 (p+-q- p' + ) x 
x 5 4 (q + qx - q n ) S ((qx -p-f - m 2 ) x 

x d((q- p+f - m 2 ) 5 + q) 2 - M 2 ) , 

and using the Sudakov parametrization for the scattering 
channel © we put it in form: 



and performing the integration over k\ = —k 2 as (we 
imply that principal part does no contribute) 



-in 2 I dk 2 8{-k 2 + Q 2 af3 - M 2 ) = 



ndk 2 

~W 

-in 2 6[Q 2 aP - M 2 } 



(A4) 



we obtain 



M=/Q 2 AfVQ 2 



a s C F ,1.1 

x exp In — In — 

11 2tt a /3 

Performing one integration we obtain: 



V s.r2 / 



(A5) 



(A6) 



where 



dT 3 = (2ny 5 -daxdl3id 2 qx-dadl3d 2 qx 



x J (sa/3 — (f — sj3 — m 2 a) x 
x (5 (sai/?i — ?i — sai — m e (3x) x 
x 5 (saft - (q + gi) 2 - M 2 ) . (Al) 



Performing the integrations over ax, a, j3, we obtain the 
result given above (see Eq. ((7J|). 

Expression for scalar loop integral with 3 denominators 
and Sudakov vertex inserted has a form: 



F 



91 

M 2 



d 4 k Q 2 V s (Q 2 ,plp 2 ) 
Z7T 2 (fc)(l)(2) 



(fc) = k 2 -M 2 + iO: 

(1) = (fc + (Zl ) 2 -A/ 2 + l 0; 

(2) = (fc + q-ir) 2 M 2 + i0. 

where Vs(Q 2 ,Pi was defined in 



2tt ' M| 



For large values of Q 2 we obtain 
r>2 



M 2 ' a s C F 



(In (z) + c) . 



where 



(A7) 



, , ^ (1 _ e -x)_ [^^0.57. (A8) 
t / xe x 



In reality the quantity L ~ 5 for light consistent quarks 
m, d which are present in the neutral pion and L ~ 1 — 2 
for s-quark in 77' meson. 
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When considering the integration on the pair phase The differential cross section is 
volume in annihilation channel we use the relation (con- 
sequence of gauge invariance): 

f , ,m , m , da eS ^° Ll = " - A 3 ^ 2 (s, g 2 , Af 2 ) — x 



a 4 Mf .0/0/ , , di 



poi / l \ / l 



3 



(^-^)(s? + 2m 2 )^ (A9) 



/ 4m 2 

/}_ = Wl where x = q\j (4m 2 ) > 1. 
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